Light is one of the most important environmental factors affecting plant growth and 23 development. Plants use shade avoidance and shade tolerance strategies to adjust 24 their growth and development thus increase their success in the competition for 25 incoming light. To investigate the mechanism of shade responses in maize (Zea mays), 26 we examined the anatomical and transcriptional dynamics of the early shade response 27 in seedlings of the B73 inbred line. Transcriptome analysis identified 912 differentially 28 expressed genes, including genes involved in light signaling, auxin responses, and cell 29 elongation pathways. Grouping transcription factor family genes and performing 30 enrichment analysis identified multiple types of transcription factors that are 31 differentially regulated by shade and predicted putative core genes responsible for 32 regulating shade avoidance syndrome. For functional tests, we ectopically over-33 expressed ZmHB53, a type II HD-ZIP transcription factor gene significantly induced by 34 shade, in Arabidopsis thaliana. Transgenic Arabidopsis plants overexpressing 35 ZmHB53 exhibited narrower leaves, earlier flowering, and enhanced expression of 36 shade-responsive genes, suggesting that ZmHB53 participates in the regulation of 37 shade responses in maize. This study increases our understanding of the regulatory 38 network of the shade response in maize and provides a useful resource for maize 39 genetics and breeding. 40
upper leaves of the canopy for photosynthesis, resulting in a reduction of 48 photosynthetically active radiation (PAR), and low ratio of red to far-red (R:FR) light in 49 the lower leaves. In most plant species, the reduction of PAR, low R:FR and low blue 50 light act as shade signals to induce shade avoidance syndrome (SAS), including 51 elongation of stems and petioles and inhibition of the outgrowth of axillary buds, thus 52 allowing plants to reach light and shade their neighbors (Keuskamp et al., 2010; 53 Sharwood et al., 2014; Ballaré et al., 2017; Pignon et al., 2017) . Long-term shade 54 treatments lead to severe SAS and significantly decrease seed production (Casal, 55 2013); for example, maize grain yield may be reduced by up to 60% by long-term 56 shade treatment (Cui et al., 2015) . Therefore, understanding shade avoidance 57 responses and improving plant success in the competition for light, without decreasing 58 yields, are important goals to improve high-density planting of crops (Maddonni et al., 59 2001; Page et al., 2010) . 60 The molecular network regulating SAS has been well documented in Arabidopsis 61 thaliana. Various shade signals are primarily perceived by photoreceptors, including 62 phytochromes and cryptochromes. Under high R:FR light, phytochromes (mostly phyB 63 in Arabidopsis) enter the nucleus in the active form (far red-absorbing form, Pfr) and 64 regulate numerous downstream genes, thereby suppressing the shade response 65 (Kircher et al., 1999; Franklin, 2008; Chen et al., 2011) . Low R:FR increases the ratio 66 of inactive phyB (red-absorbing form, Pr) in the cytosol, thus releasing the inhibition of 67 downstream signaling components and promoting the shade response (Kircher et al., 68 1999) . The Arabidopsis phyb mutant and the maize phyb1 phyb2 double mutant exhibit 69 a constitutive SAS phenotype, including slender petioles, leaves, and accelerated stem 70 elongation (Robson et al., 1993; Sheehan et al., 2007) . Branch formation is also 71 4 inhibited in the early development of phyb mutants in sorghum (Kebrom et al., 2016) . 72 PHYTOCHROME INTERACTING FACTORS (PIFs) act as important downstream 73 signal transduction components of phytochromes and play a key role in SAS (Castillon 74 et al., 2007; Leivar et al., 2011) . Arabidopsis plants overexpressing PIF4, PIF5, and 75 PIF7 exhibit constitutive SAS under high R:FR conditions (Lorrain et al., 2008; Li et al., 76 2012). Consistent with this, the pifq (pif1 pif3 pif4 pif5) quadruple mutant and pif7 77 mutants show short petioles and a reduced response to shade (Leivar et al., 2008; Li 78 et al., 2012) . Overexpressing ZmPIF4 in Arabidopsis also produces constitutive SAS 79 (Shi et al., 2018) . Analyses of genome-wide downstream targets revealed that PIFs 80 directly target hundreds of growth-promoting genes, such as Aux/IAA (IAA19, IAA29), 81 YUCCA (YUC2, YUC5, YUC8, YUC9), EXPANSINS (EXPA1, EXPB1) and 82 XYLOGLUCAN ENDOTRANSGLYCOSYLASE/HYDROLASE (XTH15, XTH33) 83 (Zhang et al., 2013; Pfeiffer et al., 2014) . In addition, the contents and sensitivities of 84 free auxin, gibberellin (GA) and brassinosteroids were rapidly induced by shade 85 treatments, thus promoting cell elongation in Arabidopsis (Bou-Torrent et al., 2014), 86 bean (Beall et al., 1996) and sunflower (Kurepin et al., 2007). 87 In Arabidopsis, shade treatments rapidly induce the expression of many 88 transcription factor genes, including LONG HYPOCOTYL IN FAR-RED (HFR1), 89 PHYTOCHROME RAPIDLY REGULATED GENE 1 (PAR1), PAR2, and PIF3-LIKE1 90 (PIL1), which encode basic helix-loop-helix (bHLH) type transcription factors that 91 negatively regulate PIF activities through physical interactions, thereby preventing an 92 exaggerated shade response (Roigvillanova et al., 2006; Hornitschek et al., 2009; 93 Hornitschek et al., 2012). Additionally, multiple homeodomain leucine zipper (HD-ZIP) 94 and B-box (BBX) type transcription factors function in the shade response (Sorin et al., 95 2009; Gangappa et al., 2014). 96 In maize, although some of the early shade-responsive genes have been 97 identified (Wang et al., 2016) , their physiological functions and underlying mechanisms 98 remain largely unknown. Here, we combined cytological and transcriptomic analysis 99 with functional testing to investigate the anatomical and transcriptional dynamics of 100 SAS in maize seedlings and predict the core responsive genes involved in the 101 5 regulation of SAS. 102
Materials and Methods 103

Plant materials and growth conditions 104
Seedlings of maize inbred lines were grown in growth chambers under a 12-hour 105 light/12-hour dark cycle at 180 μmol/m 2 /s of light intensity at 25 °C. For short-term 106 simulated shade treatment, seedlings of B73 (V3 stage) were transferred from white 107 light to constant FR light (10.52 μmol/m 2 /s) for 0, 1, and 3 h, followed by constant R 108 light (50 μmol/m 2 /s) for 1 h and then used for qPCR and RNA-seq assays. For long-109 term simulated shade treatment ( Figure 1 and S1), various inbred lines were grown 110 under white light (65.6 μmol/m 2 /s) supplied with FR light (10.52 μmol/m 2 /s, low R:FR), 111 or R light (50.0 μmol/m 2 /s, high R:FR) after seed germination. After shade treatment, 112 scanning electron microscopy (SEM) of sheath and leaf blade tissues were performed 113 as previously described (Kong et al., 2017) . 114
The Arabidopsis thaliana wild-type control plants used in this study were ecotype 115 Columbia-0 (Col-0). The seeds were surface-sterilized with 20% bleach for 20 min and 116 washed four times with sterile ddH2O. After being stratified for two days at 4 °C, the 117 seeds were germinated on germination medium (GM) plates. 118
RT-qPCR 119
Total RNA was extracted using an Ultrapure RNA kit (CWBIO, Beijing). The reverse-120 transcription reactions were performed using an AMV reverse transcriptase 121 (Fermentas). The RT-qPCR was performed on a 7500 Fast Real-Time PCR machine 122 (ABI) using SYBR Real Master Mix (Tiangen, Beijing). Primers used for RT-qPCR are 123 listed in Table S3 . 124
RNA-seq analysis 125
The cDNA library construction, sequencing, and data analyses were performed as 126 described previously (Kong et al., 2017) . The maize B73 reference genome (AGPv3.22) 127 were used for mapping the reads. The Cufflinks 2.2.1 package was used to calculate 128 the gene expression levels with the parameter of reads per kilobase per million 129 6 mapped reads (RPKM) and detect differentially expressed genes (DEGs) using default 130 parameters. The false discovery rate (FDR) was used to determine the threshold of 131 the p-value in multiple tests. A threshold of FDR ≤ 0.05 and a fold change ≥ 2 were 132 used to judge the significance of differences in gene expression. 133
Cluster and functional enrichment analysis 134
DEGs that were commonly expressed under both FR light and after re-exposure to R 135 light (Dataset S2) and the expressed transcription factor genes were subjected to 136 cluster analysis (Dataset S1). The RPKM values (normalized to the maximum of all 137 RPKM values of the gene in B73 seedlings treated with FR light for 0 h, 1 h or 3 h, 138 followed by R light for 1 h) were subjected to cluster analysis using the K-Means 139 Support (KMS) module in the MultiExperiment Viewer (MEV) program. 140
Plasmid construction and generation of transgenic Arabidopsis plants 141
To generate transgenic ZmHB53-OE lines in the Arabidopsis Col-0 background, the 142 coding region of ZmHB53 was PCR-amplified from cDNA of inbred line B73 using the 143 primers pair ZmHB53-F and ZmHB53-R (Table S3 ). Then, ZmHB53 fragment was 144 inserted into the BamHI and XbaI digested pPZP211-35Spro::3FLAG binary vector 145 (Ma et al., 2017) to produce 35Spro::ZmHB53-3FLAG. More than 20 independent 146 transgenic lines were selected and verified by RT-qPCR, followed by immunoblot 147 analysis as described previously (Ma et al., 2016) . 148
Results 149
Low R:FR induces the SAS in maize seedlings 150
To investigate the effects of shade on maize growth, seedlings of various inbred lines 151
were grown under white light supplied with FR (R:FR ratio 0.19) or R (R:FR ratio13.3) 152 conditions. After simulated shade treatment, the mesocotyl length, leaf length, and 153 plant height significantly increased in inbred lines B73, Mo17, Huangzao4, Zheng58 154 and Su115, compared to plants under high R:FR conditions ( Fig. 1a, 1b , S1). 155
Mesocotyl length increased more strongly in inbred B73 (by 17%) and Mo17 (20%), 156 compared with the other inbred lines (Fig.1b, S1 ). Moreover, the inbred lines 178 and 7 Q319 were less responsive to simulated shade-induced elongation of mesocotyls and 158 plant height, compared to the inbred lines B73 and Mo17 (Fig. 1 ). In addition, 159 anthocyanin accumulation obviously decreased in the base region of the sheath in all 160 the tested inbred lines under low R:FR conditions, compared with control plants grown 161 under high R:FR conditions (Fig.1a, S1a) . 162
To investigate the effects of simulated shade on cell elongation in B73, we 163 observed the epidermal cells of the leaf blade and sheath by SEM. As shown in Figure  164 1c, cell elongation in the leaf blade increased slightly, while cell elongation in the 165 sheath increased substantially after shade treatment. To further explore the effects of 166 supplemental FR on cell elongation, we examined the transcript levels of cell 167 elongation-related genes in V3 stage B73 and 178 seedlings that were transferred from 168 white light to FR light for 1 and 3 h, followed by 1 h in red light. The transcript levels of 169 XTH8, XTH23, and EXPB2 were significantly induced by FR light and repressed by R 170 light in inbred B73, but showed no obvious change in 178 ( Fig. 1d ), consistent with its 171 reduced sensitivity to simulated shade treatment in Figure 1a -b. 172 Generation and analysis of RNA-seq data for treated plants 173
To gain insight into the molecular regulatory mechanism of the shade response in 174 maize, we conducted global RNA-seq of B73 seedlings at the V3 stage treated with 175 FR light for 0 h (F0), 1 h (F1), or 3 h (F3), followed by R light for 1 h (R1) (short-term 176 shading treatment). Using paired-end Illumina sequencing, we generated sequences 177 from eight libraries (four time points with two biological replicates), producing 178 approximately 1.9 billion high-quality reads, 95% of which uniquely mapped to the B73 179 reference genome, version 3. The distribution of reads was 75.8% in exons, 9.3% in 180 introns, and 11.2% in intergenic genomic regions (Table S1 ). Comparisons of the 181 biological replicates showed that their expression values were highly correlated 182 (average R 2 = 0.963, Fig. S2 ), indicating that the results of biological replicates in this 183 study are highly reproducible. To reduce the influence of transcriptional noise, genes 184 from the B73 filtered gene set (FGS) were included for analysis only if their RPKM 185 values were ≥1. In total, 22,479 genes were expressed under at least one condition, 186 8 including 18,968 (84.5%) genes commonly expressed among all four conditions (Fig. 187 2a, Dataset S1). 188
To verify the quality of RNA-seq data, we performed RT-qPCR analyses of 48 189 transcripts, revealing a high correlation (R 2 = 0.587) between the RNA-seq and qPCR data (Fig. S3b ). As expected, ZmphyA1, ZmphyB1, ZmphyB2, ZmphyC1, and 191 ZmphyC2 were significantly induced by FR ( Fig. S3a) . ZmHY5 was strongly down-192 regulated by FR. Additionally, multiple genes encoding proteins involved in the light 193 reactions in photosynthesis, such as ZmLHCB1, ZmPSBA, ZmPSBQ, and ZmPSB28 194 were downregulated by FR ( Fig. S3a) . 195 Further, we identified 327, 591, and 195 DEGs between F0 and F1 (F1 vs. F0), 196 F0 and F3 (F3 vs. F0) and F3 and R1 (R1 vs. F3), respectively ( Fig. 2b and c, Dataset 197 S2). Among these, 111 genes were common between F1 vs. F0, and F3 vs. F0, 198 including three genes showing opposite expression patterns. Therefore, after 199 excluding these three oppositely expressed genes, a total of 804 FR-regulated DEGs 200 were identified (Fig. 2b) . Interestingly, among the 87 common DEGs between FR-201 regulated, and red-regulated (R1 vs. F3), 80 (92%) genes showed opposite expression 202 patterns, suggesting that most of the effects of FR light on gene expression can be 203 reversed by subsequent treatment with R light (Fig. 2c ). All these DEGs (912 genes) 204 were selected as putative conserved genes important for the SAS in maize. 205
Dynamics of gene expression during the SAS in maize 206
To better understand the regulatory network of the SAS in maize, we further grouped 207 these 912 genes into 10 clusters (C1-C10) based on their expression patterns and 208 then subjected to MapMan functional enrichment analysis (Fig. 2c ). Among clusters 209 (C1-C3) with reduced expression by FR, the most highly enriched categories included 210 genes encoding proteins that mediate the light reactions, sucrose synthesis, and 211 secondary metabolic pathways ( Fig. 2e ). For example, most of the anthocyanin 212 biosynthesis related genes, including CHS, CHI, F3H, DFR, and ANS were highly 213 downregulated by FR (Fig. S4) , consistent with the reduced anthocyanin accumulation 214 in shade-treated plants (Fig. 1a) . 215 most highly enriched categories included genes encoding proteins involved in cell wall 217 modification, degradation of starch and sucrose, hormone metabolism, and various 218 signal pathways, suggesting they might play important roles in early responses to 219 shade in maize. For example, genes related to auxin biosynthesis (e.g., ZmYUC5 and 220 ZmTAA1), and ethylene signal transduction (e.g., ZmERF7) were significantly induced 221 by FR and downregulated by subsequent R treatment ( Fig. 2e, S5) . Interestingly, most 222 of the alterations in expression (up-or downregulation) induced by FR were reversed 223 by subsequent R treatment in most clusters, except for C10, which was enriched for 224 genes involved in vitamin metabolism, protein targeting, and signaling. All these results 225 are consistent with the regulatory network controlling the SAS in Arabidopsis (Li et al., 226 2011), suggesting that the regulatory mechanism of the SAS is evolutionarily 227 conserved between monocots and dicots. 228
Transcription factors play important roles in the maize SAS 229
Of the 3,316 maize transcription factor genes identified in the Plant Transcription 230
Factor Database (http://planttfdb.cbi.pku.edu.cn/), 1,353 (41%) were commonly 231 expressed under all four treatment conditions (Dataset S1). These genes were further 232 classified into five groups based on their expression patterns (G1-G5, including 262, 233 212, 450, 191, and 238 genes, respectively; Fig. 3a ). Shade-downregulated 234 transcription factors were grouped into G1 and G2, including the HD-ZIP (21/43 235 expressed HD-ZIPs were included in G1 and G2) and MYB (44/124) transcription 236 factors (Fig. 3b) . Early shade-induced transcription factors were grouped into G3, 237 which was significantly enriched for bHLH (41/109), ERF (46/92) and GRAS (21/48) 238 family members (Fig. 3b , Dataset S1). Some bHLH family genes, including members 239 of the PIF sub-family (ZmPIF3, ZmPIF5, and PIF-like) were rapidly induced by FR 240 treatment. In addition, atypical PIF family genes, including ZmHFR1, ZmPAR1, 241 ZmPAR2 and ZmPIL1, were rapidly induced by shade and might play a negative role 242 in the SAS (Dataset S1). Late shade-induced transcription factors were grouped in G4 243 and G5, and were significantly enriched for ARF (15/24) and HB/other (9/15) family 10 members. 245
Core genes involved in regulating the SAS 246
To identify the important regulators of the shade response, we first listed the 226 genes 247 overlapping in our DEG list (912, Dataset S2) and Wang's DEG list (1105, Wang et al., 248 2016), eliminated the photosynthesis, secondary metabolism, stress, nucleotide 249 metabolism, and function unknown genes from this list, added three genes, ZmGT1 250 (Grassy tillers1), ZmTB1 (Teosinte branched1), and ZmVT2, which have already been 251 shown to play important roles in maize SAS (Doebley et al., 1997; Sheehan et al., 2007; 252 Phillips et al., 20011; Whipple et al., 2011) , and identified 93 core genes for the shade 253 response (Table1, S2). Most of these genes were significantly regulated by shade 254 treatment. In addition to ZmGT1, ZmTB1, and ZmVT2, ZmphyB1 and ZmphyB2 have 255 also been proved to participate in maize SAS (Sheehan et al., 2007) . The other core 256
shade-responsive genes have not previously been shown to directly regulate the SAS 257 in maize, but are related to light signaling, hormone metabolism and signal 258 transduction, regulation of transcription, cell wall modification, protein metabolism and 259 so on (Table 1) . For example, multiple plant hormone-related genes including IAAs, 260
SAURs and GH3.1, GA1, GA5, GA2ox1, GA2ox8, CKX6, ACO1, EIN4 and ERFs were 261
identified, suggesting that they may play crucial roles in the SAS in maize (Table 1) . 262
Interestingly, we identified 7 BBXs as core genes for SAS regulation (Table 1, S2). For 263 example, ZmBBX20 was upregulated 2.9-fold (F1 vs. F0) and 12.7-fold (F3 vs. F0) in 264 response to shade treatment in the current study, and 2.5-fold (1 h vs. 0h), 2.1-fold (3 265 h vs. 0 h) and 2.9-fold (6 h vs. 0 h) in the previous study (Wang et al., 2016) . 266
ZmHD-ZIP proteins act as regulators of the SAS 267
Research in Arabidopsis has shown that HD-ZIP transcription factors modulate the 268 SAS (Sorin et al. 2009 ). In our RNA-seq data, many HD-ZIP family genes were up-or 269 downregulated by shade, therefore, this transcription factor family was selected for 270 further analysis (Fig. 4a ). Phylogenetic analysis of this family genes in Arabidopsis and 271 maize revealed that these genes were classified into the I, II, III and IV subfamilies (Fig.  272   4b) . Interestingly, one-third of type I HD-ZIP and all the type II HD-ZIP genes were up 273 11 regulated, while two-thirds type I HD-ZIP genes were down regulated by FR (Fig. 4a) , 274 indicating that various members of this transcription factor family (for example type I 275 and II HD-ZIP genes) might play opposite roles in the shade response. Consistent with 276 the results of RNA-seq, qPCR analyses revealed that type II HD-ZIPs, including 277 ZmHB4, ZmHB53, ZmHB59, ZmHB78, and ZmHB86, were strongly induced by FR, 278 and subsequently suppressed by R light; by contrast, type I HD-ZIPs, such as ZmHB34, 279 ZmHB66, and ZmHB70, were slightly reduced by FR and induced by R light (Fig. 4c) . 280 These results demonstrate that both the type I and II HD-ZIP subfamily members might 281 play more important roles in the responses to shade signals. 282 We further measured the expression levels of these HD-ZIP genes in the B73 and 283 178 inbred lines under simulated shade conditions. As shown in Figure 4d , ZmHB43, 284 ZmHB53, ZmHB78 and ZmHB127 were induced by shade in both inbred B73 and 178, 285 while ZmHB34, ZmHB66, and ZmHB70 showed opposite expression patterns in these 286 inbred lines under shade treatment, suggesting these genes may contribute to the 287 differential response to shade between the B73 and 178 inbred lines. 288
ZmHB53 can affect the shade response in maize 289
To further investigate the roles of HD-ZIPs in the shade response, we focused on 290 ZmHB53 (GRMZM2G044752), a homolog of ATHB4 which is essential in shade 291 response and leaf development in Arabidopsis (Sorin et al. 2009 OE5, OE6, and OE8) were 296 selected based RT-qPCR and western-blotting, and then subjected to further 297 physiological analysis (Fig. S5a) . (Fig. 5a-b, 5d-e ). Interestingly, the transgenic lines had 301 more branches and reduced plant height compared to wild type at the mature stage, 12 representing a lessened response to shade treatment, compared with wild-type control 303 plants (Fig. 5c, 5e ), indicating that ZmHB53 can affect SAS in Arabidopsis via a 304 complex regulatory mechanism. However, in seedlings grown under dark, white, and 305 low R/FR light conditions, Arabidopsis ZmHB53 overexpression lines showed no 306 significant differences from wild-type control plants (Fig. S5 ), suggesting that ZmHB53 307 mainly functions at the mature stage. 308
Next, we examined the transcript levels of genes that respond rapidly to shade 309 treatment in the ZmHB53-overexpressing lines via RT-qPCR. Under white-light (R:FR 310 7.8) conditions, the transcript levels of well-known shade-responsive genes including 311 HFR1, PAR1, PIL1, and EXP2, all significantly increased in the Arabidopsis ZmHB53-312 overexpressing lines, compared with wild-type Col-0 control plants (Fig. 5f ). After 313 simulated shade treatment (W+FR), the expression of HFR1, PAR1, and PIL1, were 314 significantly upregulated in Col-0 and ZmHB53 overexpression lines, compared with 315 control plants under white light conditions ( Fig. 5f-g including elongated stems and petioles, and more erect leaf angle; these responses 324 increase leaf vertical inclination and help the plant compete for light (Zhu et al., 2014; 325 Bongers et al., 2018) . Here, we found that the maize inbred lines 178 and Q319 326 exhibited less-pronounced responses to simulated shade treatment, compared with 327 inbred lines B73 and Mo17 (Fig.1a-b ). B73 maize seedlings under simulated shade 328 conditions showed typical symptoms of the SAS, such as elongated mesocotyls, stems, 329 and leaves, and reduced accumulation of anthocyanin ( Fig. 1a-b) . Consistent with this, 330 cytological, qPCR and RNA-seq analyses showed that simulated shade treatment 331 13 induced the transcription levels of cell elongation-related genes and promoted cell 332 elongation in leaf blades and sheaths ( Fig. 1c-d) . 333
Phytochrome signaling pathways play a conserved role in the low R:FR induced 334 shade response in both maize and Arabidopsis (Lee et al., 2017) . Arabidopsis PIF4, 335 PIF5 and PIF7 act as the downstream signal transduction components of multiple 336 photoreceptors (including phytochromes and cryptochromes) and play crucial roles in 337 shade responses (Lorrain et al., 2008; Leivar et al., 2011; Li et al., 2012) . Here, 338 ZmphyA1, ZmphyB1, ZmphyB2, and five PIF family genes were all upregulated by FR, 339 suggesting that they may play important roles in shade responses. Consistent with this, 340 our previously study showed that the over-expression of ZmPIF4 and ZmPIF5 causes 341 a constitutive shade avoidance response in Arabidopsis, indicating that they might play 342 essential roles in shade responses in maize (Shi et al. 2018). 343 A reduction in the outgrowth of axillary buds is one of the typical morphological 344 changes of the shade avoidance response. The Arabidopsis TCP (TEOSINTE 345 BRANCHED 1, CYCLOIDEA, PCF) type transcription factor BRANCHED 1 (BRC1) 346 directly binds to and activates the transcription of a group of HD-ZIP I transcription 347 factor genes, including HB21, HB40, and HB53, thus preventing constitutive outgrowth 348 of branches (Gonzalez-Grandio et al., 2017) . Maize TB1 is a homolog of BRC1, and 349 negatively regulates the outgrowth of axillary buds (Doebley et al., 1997) . Maize GT1, 350 encoding an HD-ZIP I family member, is one of the downstream targets of TB1 and 351 represses the outgrowth of lateral buds (Whipple et al., 2011) . Therefore, it appears 352 that the genetic module involving the BRC1/TB1 and HD-ZIP transcription factors is 353 evolutionarily conserved in dicots and monocots, where it prevents branching under 354 light-limiting conditions. Interestingly, the Arabidopsis ZmHB53 (HD-ZIP II) 355 overexpression lines showed more branches than the wild-type control plant, which 356 contrasts with the phycological function of maize GT1 (Fig. 5 ). Therefore, we 357 hypothesized that HD-ZIP transcription factors, for example 358 may play negative and positive roles in regulating the outgrowth of axillary buds, 359 respectively, like the functions of bHLH type transcription factors in SAS, such as the 360 positive roles of PIF4 and PIF5, and the negative roles of HFR1, PAR1, and PAR2 in 361 14 the shade response in Arabidopsis. This is also consistent with the opposite expression 362 trends of type I and II HD-ZIP genes in response to shade in maize (Fig. 4a) . 363 In summary, the monocotyledonous plant maize and the dicotyledonous plant 364
Arabidopsis share a number of morphological and physiological responses in their 365 shade responses. When plants are exposed to shade conditions, photoreceptor 366 systems perceive a reduction of PAR, low ratio of R:FR, as well as low blue light, and 367 subsequently activate a downstream network of various interacting transcriptional 368 regulators and hormones to adjust plant growth and development to increase the 369 plant's ability to compete for light ( Fig. S6) . Based on this model, three different 370 strategies could be developed to increase the ability of maize to compete for light and 371 minimize the negative effects of the SAS. In the upper regulatory layer, one strategy 372 could involve modulating the expression levels or activities of photoreceptor genes 373 such as ZmphyA1, ZmphyA2, ZmphyB1, and ZmphyB2, as they directly respond to 374 dynamic environmental light changes. At the middle regulatory layer, another strategy 375 could modify the expression of important regulators of the SAS, such as ZmPIF4, 376
ZmPIF5, ZmHFR1 and ZmHB53. In the downstream regulatory layer, a third strategy 377 could modify the expression levels of many SAS-related genes, including those directly 378 involved in cell elongation, hormone synthesis, or signaling transduction, such as 379 ZmTAA1 and ZmYUC5. Finally, our study identified a core set of shade-responsive 380 genes, which expands the regulatory network of shade responses and provides a 381 useful resource for maize genetics and breeding. 382 383 15
Supplemental Information 384
Supplemental information is available online. 385 Fig. S1 . The phenotype of maize plants grown under high or low R:FR conditions. 386 Fig. S2 . Correlation between biological replicates. 387 Fig. S3 . Verification of RNA-seq results by 
